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Abstract 

Resident human lamina propria immune cells serve as powerful effectors in host defense. IVlolecular events associated with 
the initiation of an intestinal inflammatory response in these cells are largely unknown. Here, we aimed to characterize 
phenotypic and functional changes induced in these cells at the onset of intestinal inflammation using a human intestinal 
organ culture model. In this model, healthy human colonic mucosa was depleted of epithelial cells by EDTA treatment. 
Following loss of the epithelial layer, expression of the inflammatory mediators ILIB, IL6, IL8, IL23A, TNFA, CXCL2, and the 
surface receptors CD14, TLR2, CD86, CD54 was rapidly induced in resident lamina propria cells in situ as determined by qRT- 
PCR and immunohistology. Gene microarray analysis of lamina propria cells obtained by laser-capture microdissection 
provided an overview of global changes in gene expression occurring during the initiation of an intestinal inflammatory 
response in these cells. Bioinformatic analysis gave insight into signalling pathways mediating this inflammatory response. 
Furthermore, comparison with published microarray datasets of inflamed mucosa in vivo (ulcerative colitis) revealed a 
significant overlap of differentially regulated genes underlining the in vivo relevance of the organ culture model. 
Furthermore, genes never been previously associated with intestinal inflammation were identified using this model. The 
organ culture model characterized may be useful to study molecular mechanisms underlying the initiation of an intestinal 
inflammatory response in normal mucosa as well as potential alterations of this response in inflammatory bowel disease. 
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Introduction 

Investigations aimed at understanding molecular events under- 
lying intestinal inflammation are largely focused on chronic 
processes, summarized as inflammatory bowel diseases (IBD). 
Moreover, such studies are mostly performed in symptomatic, i.e. 
ongoing pathological situations: in the murine system following 
treatment with artificial agents such as dextran sulfate (DSS) [1]; in 
humans, tissues derived from inflamed intestine in Crohn's disease, 
ulcerative colitis etc. Needless to say, experiments with human 
material are rather scarce when compared to investigations in 
experimental animal models. Given, therefore, that so far only 
symptomatic disease situations have been studied, it seems not 
surprising that all established therapies to treat IBD are of 
symptomatic nature [2,3]. 

As yet, virtually nothing is known concerning the conditions 
driving intestinal inflammation at its very onset. The central and 



obvious question, namely, how resident immune effector cells of 
the intestine differentiate from their physiologic quiescent stages 
into activated, inflammation producing cell types remains unan- 
swered. 

In this regard, previous data published by others and ourselves 
employing human mucosal tissues virtually exclude the possibility 
that intestinal T lymphocytes, one major effector population in 
inflammation, are, under physiological conditions, able to mount 
adaptive immune responses since their T cell receptor (TCR) 
reactivities are strongly inhibited by a number of local mechanisms 
[4—9]. Furthermore, innate recognition of commensal microbes is 
restricted by low or absent expression of pattern recognition 
receptors (PRR), like CD 14, TLR4, and PRR-associated signalling 
molecules in lamina propria myeloid cells (LPMO) [10-13]. 

Here, we make an attempt to address the onset of intestinal 
inflammation in a standardized organ culture model employing 
healthy human colonic tissues. Once exposed to ethylenediamine- 
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tetraacetic acid (EDTA), which leads to the detachment of the 
luminal epithelial layer [14], resident lamina propria cells undergo 
a vigorous activation process. The present study describes their 
phenotypical and functional changes at a molecular level. We 
propose that this model has the potential to collect important 
information on those molecular mechanisms that drive the 
initiation of intestinal inflammation. 

Materials and Methods 

Tissue Samples 

Gut specimens were derived from individuals undergoing 
resection for localized colon cancer or benign colonic diseases 
(e.g. diverticular disease). Microscopically normal colonic mucosa 
was dissected from the surgical specimen near the resection margin 
and immediately subjected to the experimental procedures. 

For analysis of DUSP2 gene expression in normal and inflamed 
intestinal tissue, transmural gut specimens (snap frozen in liquid 
nitrogen immediately after surgical resection) were provided by the 
Institute of Pathology, University Hospital Heidelberg. Inflamed 
gut specimens were derived from patients suffering from ulcerative 
colitis (UC) or Crohn's disease (CD). The diagnosis was confirmed 
by histopathological and clinical criteria prior to qRT-PCR 
analysis. SpecifK;ally, samples considered to be inflamed were 
characterized by dense mononuclear cell infiltrations, cr^'pt 
abscesses/cryptitis, erosions or ulcerations. Normal control tissue 
was obtained from individuals suffering from localised colon 
cancer or benign colonic disease. 

Antibodies 

For immunoflourescent staining of tissue sections the following 
primary antibodies were employed: CD68, 1 H-g/ml (clone: PGM- 
1, Dako Cytomation, Hamburg, Germany); CD 14, 1 (ig/ml 
(clone: TUK4, Dako); CD86, 10 |Xg/ml (clone: FUN-1, BD 
Pharmingen, Heidelberg, Germany). Isot)'pe- and concentration- 
matched control antibodies (Dako) served as negative controls. 

For flow cytometric analysis the following mAb were purchased 
from BD Bioscience (Heidelberg, Germany): CDS V450, CD 14 
FITC, CD33 PE-Cy7, CD86 AF700, HLA-DR V500, CD117 
APC. 

"Loss of Epithelial Layer" (LEL) Organ Culture 

Mucosal specimens were washed extensively in RPMI 1640 
(Life Technologies, Paisley, UK) containing antibiotics prior to 
remo\'ing the mucus layer by dithiothreitol (DTT) treatment 
(1 mM, 10 min; Sigma, St. Louis, MO, Germany). Subsequently, 
punches of defined surface area were prepared and denuded of 
epithelial cells by exposure to 0.7 mM EDTA (Sigma) in HBSS 
(without Ca^"^ and Mg^"*"; Life Technologies) at 37°C in a shaking 
water bath for 30 min (50 ml EDTA/HBSS per punch) [14]. This 
incubation was repeated three times with two washing steps 
(10 min in HBSS/antibiotics) after each incubation period. 

Where indicated, total mucosa specimens of the same surface 
area were cultured under identical conditions. 

Isolation of Lamina Propria and Peripheral Blood 
Leukocytes 

Lamina propria leukocytes (LPL) were isolated by enzymatic 
tissue digestion according to a modified method of Bull and 
Bookman [14]. Briefly, after depletion of the epithelial layer (see 
above) mucosal tissue was cut into 2-A mm pieces and digested in 
a shaking waterbath at 37°C for \.5h using coUagenase IV 
(70 p,g/ml; Sigma) and deoxyribonuclease I (100 [ig/ml; Sigma) in 
RPMI 1640 containing 2% fetal calf serum (Sigma), 2% L- 



glutamine (Life Technologies), and antibiotics. The resulting ( (-ll 
suspension was separated from undigested tissue by filtration 
through a 70 |Im nylon mesh (BD Bioscience, Heidelberg, 
Germany). For further purification, the cell suspension was 
subjected to Percoll (GE Healthcare, Munich, Germany) and 
FicoU-Hypaquc (GE Ih-althcare) density gradient centrifugation. 

Peripheral blood was taken during the operation. Peripheral 
blood mononuclear cells (PBL) were obtained by FicoU-Hypaque 
(GE Healthcare) density gradient centrifugation. 

Gene Expression Analysis by qRT-PCR 

Tissue samples were disrupted with the aid of a RiboLyser 
device (ThermoHYBAID, Heidelberg, Germany) in lysing matrix 
"D" tubes (Q,-BIOgen, Heidelberg, Germany) containing 400 (il 
lysis buffer from the MagnaPure mRNA Isolation Kit II (ROCHE 
Diagnostics, Mannheim, Germany). 300 |il of the lysate was 
collected and mixed with 600 |J.l capture buffer containing oligo- 
dT. After centrifugation at 1 3000 rpm for 5 min, 880 |a,l of this 
mix was transferred into a MagnaPure sample cartridge and 
mRNA was isolated with the MagnaPure-LC device using the 
mRNA-II standard protocol. MRNA was reverse transcribed 
using AMV-RT and oligo- (dT) as primer (First Strand cDNA 
.synthesis kit, Roche) according to the manufactures protocol. 
Primer sets optimized for the LightCycler (RAS, Mannheim, 
Germany) were developed and provided by SEARCH-LC GmbH 
(Heidelberg, Germany). The qRT-PCR was performed with the 
LightCycler FastStart DNA Syber Green I kit (RAS) according to 
the protocol provided in the parameter specific kits. To correct for 
differences in the content of mRNA, the calculated transcript 
numbers were normalized according to the expression of the 
housekeeping gene peptidylprolyl isomerase B (PPIB). Values were 
thus given as transcripts per 1000 transcripts ot PPIB. 

Double Immunofluorescence Staining of Tissue Sections 

Staining was performed on 2 |J,m sections of formalin fixed, 
paraffin embedded human colon tissue. After deparaffinization in 
graded alcohols, heat induced antigen-retrieval was achieved by 
incubating the slides in a pressure cooker for 5 min in citrate 
buffer, pH 6.0. Double immunofluorescence staining was per- 
formed using a combination of CD68 (mouse mAb, IgG3) and 
either CD14 (mouse mAb, IgG2a) or CD86 (mouse mAb, IgGlK). 
Incubations were performed overnight at 4°C in antibody diluent 
(DCS, Hamburg, Germany). Biotinylated rabbit anti-mouse IgGl, 
(2 |J,g/ml; Zymed, San Francisco, CA, USA), biotinylated rabbit 
anti-mouse IgG2a (4 (J.g/ml; Zymed) and sheep anti-mouse IgG3 
(1:100, lot number AAM05; AbDserotec, Oxford, UK) served as 
secondary antibodies (30 min at room temperature). DyLight488- 
conjugated donkey anti-sheep antibody (green fluorescence; 8 \X.g/ 
ml; Dianova), and Cy3-conjugated streptavidin (red fluorescence; 
2 (Ig/ml; Dianova) were used as secondary reagents (30 min at 
room temperature). Slides were mounted and viewed with a TCS 
SL confocal microscope (Leica Microsystems, Wetzlar, Germany). 

For quantification, CD 14^ and CD86^ cells were counted in an 
area (lamina propria) defined by 100 CD68'^ cells. Three different 
areas were evaluated per experiment. In order to allow for 
consistent and comparable results within/between the different 
experimental conditions areas densely populated by CD68^ 
subepithehal macrophages were excluded from the analysis. 

Flow Cytometry 

1x10^ to 1x10'' ceUs were incubated with a cocktail of up to six 
antibodies labelled with different fluorochromes. Peripheral blood 
monocytes (PBMO) were identified as CD33+ CDS" cells. CD3S"" 
CDS lamina propria myeloid cells (LPMO) [15] were further 
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distinguished from mast cells by lack of or low CD 1 1 7 expression. 
Flow cytometric analysis was performed using an LSR II (BD 
Biosciences) and FACSDiva v6 software (BD Bioscience). Doublets 

were identified by plotting FSC-A versus FSC-H and excluded 
from the analysis. As negative controLs the (auto)fluorescence of the 
myeloid cell populations (stained with CD33PE-Cy7/CD3 V450, 
and GDI 17 APC (LPMO), respectively) was determined. 

Laser-Capture Microdissection (LMD) 

12 |J.m thick cryosections were prepared from flash frozen 
colonic tissue samples collected prior to culturing as well as after 
loss of the epithelial layer (LEL-M 5 h). After transfer to NF 1.0 
PEN membrane coated slides (Carl Zeiss Microimaging, Munich, 
Germany) sections were treated with DTT (1 mg/ml) for 5 min 
and stored in 100% EtOH at — 20°C. Immediately before laser- 
capture microdissection, sections were stained with Crc'syl \'iolet 
(0.1% in 100% EtOH; Sigma) and subsequently dehydrated by 
immersion in 100% EtOH and Xylene (Roth, Karlsruhe, 
Germany). LMD was performed for 1 h each using the PALM 
MicroBeam (Carl Zeiss Microimaging). Microdissected tissue was 
collected using opaque AdhesiveCaps (Carl Zeiss Microimaging). 

Microarray Analysis 

RNA was isolated with the RNeasy Micro Kit (Qiagen, HUden, 
Germany) according to the manufacturer's instructions for 
microdissected samples, using glycogen (Sigma) as a carrier. 
RNA quantity and integrity was determined using the Agilent 
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). 
AU samples had a RNA integrity number (RIN) between 3. 1 and 
6.6. The mean RIN of RNA samples directly sampled by LMD 
(t = 0 h) was 5.1 ±1.67 compared to 3.9±0.75 after 5 h (t = 5 h) 
incubation. Samples were stored at — 80°C until microarray 
analysis. 

Microarray analysis was performed using the whole genome 
cDNA-mediated Annealing, Selection, extension and Ligation 
(WG-DASL) Assay (Illumina, San Diego, CA, USA) employing a 
minimum of 200 ng of total RNA per sample (S40 ng/|ll; input 
5 |.ll). Four replicates were measured for (-ach time point. The 
analysis was conducted at the Genomics and Proteomics Core 
facility of the German Cancer Rcsc-arcli Center (DKFZ), 
Heidelberg, Germany. Complete microarray data have been 
submitted to the GEO repository and are available under the 
accession number GSE56448. 

Analysis of Microarray Data 

Microarray data were normalized by variance stabilizing 
normalization (vsn) [16]. Differential expression has been calcu- 
lated by the test implemented in the limma package [17], and P 
values adjusted for multiple testing by the method of Benjamini 
and Hochberg [18]. Over-representation analysis of GeneOntol- 
ogy (GO) terms ('biological process' branch only) was calculated by 
GOstats [19] using the hypergeometric test conditional on the GO 
structure. Heatmaps were calctilated on gene-wise z-transformed 
data by hierarchical clustering (complete linkage method, Euclid- 
ean distance) on rows. All calculations were performed in R v.3.0.0 
[20] with the following extension packages: lumi v.2.12.0 [21], 
limma v.3.16.8 [17], GOstats v.2.26.0 [19], and GO.db v.2.9.0. 
For comparison with published data [22], we took the list of limma 
results for all probes from the microarray and selected those genes 
that had a corrected P value of less than 0.01 and absolute log2- 
fold change of at least one. This resulted in 439 up-regulated and 
297 down-regulated genes, respectively. To calculate significance 
of overlap, 1000 random lists of length 439 were drawn from all 
microarray probes in [22] and overlap calculated with genes found 



to be differentially expressed in the LEL model. The distribution of 
sizes of intersection sets was used to calctdate empirical P values 
(given as "<0.001" if the observed size was never exceeded by 
data from any random list). 

TUNEL Assay 

Apoptosis was analysed using the TAGS 2 TdT-DAB In Situ 
Apoptosis Detection Kit (Trevigen, Gaithersburg, MD, USA). The 
assay was performed according to the manufacturer's instructions. 

Ethics Statennent 

All human studies were approved by the ethics committee of the 
University oi Heidelberg and performed in accordance with the 
principles laid down in the Declaration of Helsinki. Written 
informed consent was obtained from the patients. 

Results 

Induction of Inflammatory Gene Expression in Resident 
Lamina Propria Cells following EDTA-mediated Loss of 
the Epithelial Layer 

Healthy colonic mucosa of defined size was prepared from 
freshly obtained human surgical specimens and depleted of 
epithelial cells by exposure to EDTA under standardized 
conditions. Mucosal tissue was harvested prior to culturing (total 
mucosa (TM) t = 0 h), during or immediately after loss of the 
epithelial layer ("loss of the epithelial layer" mucosa (LEL-M) 
t = 3/4/5 h); Fig. lA). As a control, total mucosa (including the 
epithelial layer) was ctUtured for 5 h prior to harvesting (TM 
t = 5 h). 

We chose to employ qRT-PCR in order to evaluate the tissue 
expression of a selected number of "conventional" inflammatory 
genes. As shown in Fig. IB, expression of the cytokine genes IL6, 
ILH, ILIB. 1L23A, T\F/l. IFNG as well as the chemokine gene 
CCL2 was markedly upregulated in LEL-M (t = 3/4/5 h) when 
compared to mucosa prior to culturing, which contained only low 
numbers of these transcripts. Transcript levels of all inflammatory 
mediators analysed were also higher in LEL-M at t = 5 h when 
compared to total mucosa cultured for the same period of time 
(TM t = 5h). IL12B mRNA was not consistently detected in 
EDTA treated mucosa (data not shown). Note that treatment of 
peripheral blood (PBMC) and lamina propria (LPMC) mononu- 
clear ceUs (isolated by enzymatic digestion), respectively, with 
EDTA using similar conditions as employed for epithelial cell 
detachment from mucosal tissue did not cause upregulation oi IL6, 
IL8, ILIB and IL23A transcript numbers {CCL2, IFNG, TNFA not 
tested) (Fig. IC). 

Induction of Co-stimulatory Molecules and Pattern 
Recognition Receptors in Resident Lamina Propria Cells 
Following EDTA-mediated Loss of the Epithelial Layer 

Pattern recognition receptors and co-stimulatory molecules are 
critically involved in innate and adaptive immune responses 
[23,24]. Under homeostatic conditions, their expression has been 
described to be detectable only at low levels in the intestinal 
lamina propria [10—12]. We therefore examined the efiect of 
EDTA-mediated loss of the epithelial layer on the expression of 
the genes encoding the PRR GDI 4, TLR2, as well as the co- 
stimulatory molecules CD86 and CD54 in mucosa ceUs. As shown 
in Fig. 2A, transcript levels of these genes were upregulated in 
mucosal tissue within 3 h after starting to inflict LEL (5 h LEL-M 
versus 0 h TM) while being not or marginally altered in total 
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Figure 1. Induction of inflammatory gene expression in resident lamina propria cells following loss of the epithelial layer. (A) Time 
scheme of the LEL model. Arrows indicate time points of tissue collection. Tissue samples were collected prior to culturing (TM t = 0 h), after washing 
(TM t = 2 h), as well during and after completion of epithelial cell release by EDTA treatment (LEL-M t = 3/4/5 h). As a control, tissue samples were 
collected from TM cultured for 5 h (TM t = 5 h). (B) LEL induces gene expression of ILIB, IL6, IL8, IL23A, TNFA, IFNG, and CCL2 in resident lamina propria 
cells. Transcript levels of cytokines/chemokines were determined by qRT-PCR in tissue samples collected as described in (A). Shown are the mean 
normalized transcript numbers ± SEM of at least 4 independent experiments. Gray bars represent transcript levels of TM (t = 0/2/5 h), black bars 
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represent transcript levels of LEL-M (t = 3/4/5h). (C) EDTA treatment does not induce inflammatory cytokines in PBMC or LPIVIC. PBIVIC and LPIVIC, 
respectively, were exposed to 0.7 mM EDTA/HBSS or medium (RPMI/2% PCS) for 3 h. Subsequently, transcript levels of IL6, IL8, IL1B, and IL23A were 
determined by qRT-PCR {IL8 and IL23A not tested for LPIVIC). The results of two independent experiments are shown. 
doi:1 0.1 371/journal.pone.0097780.g001 



mucosa cultured for the same period of time (5 h TM versus 0 h 
TM). 

In parallel, protein expression of CD 14 and CD86, respectively, 
was determined in formaUn-fixed tissue samples collected prior to 
culturing and immediately after epithelial cell depletion by 
immunohistological analysis. As shown in Fig. 2B, expression of 
both surface receptors was not detectable in lamina propria cells in 
the presence of an intact epithelial layer (TM t = 0 h) - in 
accordance with a previous study [25]. After 5 h of culture of total 
mucosa (TM t = 5 h) some CD 14"*" and CDSG"*" cells, respectively, 
which were negative for the macrophage marker CD68 (green 
fluorescence) appeared in the lamina propria. Note that at this 
time point signs of epithelial layer disintegration were already 
detectable by Hematoxylin-Eosin staining (see Figure SI). 
Importantly, following detachment of epithelial cells (LEL-M 
t = 5 h) higher numbers of CD 14"" as well as 0086"" CD68" cells 
than in the medium control (TM t = 5 h) could be observed in the 
lamina propria (Fig. 2B and 2C). Notably, the expression pattern 
of CD86 and CD 14 in mucosal cells as observed in the organ 
culture model resembles that in intestinal inflammation in vivo 
(ulcerative colitis) (see Figure S2). 

In line with the in situ results, expression of CD 14 and CD86 
was detectable on lamina propria myeloid cells (LPMO; CDSS""" 
CD3 CD 11 7 ) rapidly isolated after epithelial cell detachment 
(by enzymatic digestion of the lamina propria) as determined by 
flow cytometry. Expression levels on LPMO were comparable to 
those on autologous peripheral blood monocytes (PBMO; CD33^ 
CDS") (see Figure S3A). Both myeloid cell populations expressed 
HLA-DR with significantly higher levels being detectable on 
LPMO than on PBMO. Note that neither EDTA nor enzymatic 
treatment (as employed for the isolation of LPL) of PBL resulted in 
an upregulation of CD 14 and CD86 surface expression on PBMO 
(see Figure S3B, C). 

Early Inflammatory Gene Expression Profile of Resident 
Lamina Propria Cells 

Given that our investigation so far contained the bias of 
arbitrary selection of inflammatory "markers", we in addition 
decided to perform a global gene expression analysis. In order to 
focus on the features of immunocompetent cells in the intestine 
with regard to their phenotypic and functional changes over time, 
frozen tissue samples collected prior to culturing (TM t = 0 h) as 
well as immediately after EDTA treatment (LEL-M t = 5 h) were 
subjected to laser-capture microdissection (LMD) of the lamina 
propria (LP). Subsequently, mRNA was extracted for global gene 
expression analysis followed by bioinformatic evaluation. As 
shown in Fig. 3, microarray analysis of four individual experiments 
(replicates R1-R4 for each of the two experimental conditions 
(TM-LP t = 0 h and LEL-LP t = 5 h)) yielded reproducible results. 
Compared to microdissected lamina propria prior to culturing 
(t = 0 h), 1119 genes were differentially regulated in the lamina 
propria following EDTA treatment (t = 5 h) with 488 genes being 
significantly up-, and 631 genes significandy downregulated (cut- 
off: adjusted p value <0.01). Table 1 hsts the top 40 upregulated 
genes, respectively, ranked by fold change (for a complete hst of aU 
differentially regulated genes see Table SI). Importantly, among 
these significantly upregulated genes were also some of those 
observed to be upregulated using qRT-PCR (see Fig. 1), namely 
IL6, IL8, ILIB, IL23A and CCL2. An increase in gene expression of 



IFJVG as weU as TNFA was also observed though not at a 
statisticaUy significant level (data not shown). Given that a number 
of epithelial ceU specific genes were included within the dataset of 
downregulated genes (likely due to some epithelial ceU contami- 
nation of the microdissected lamina propria preparation), the 
subsequent functional analysis was at this point restricted to the 
dataset of significantly upregulated genes only. 

In order to gain insight into biological processes occurring 
during the initiation of an inflammatory response in the organ 
culture model, an analysis of overrepresentation of gene ontology 
(GO) categories in our dataset of upregulated genes was performed 
(Table 2: top 30 significandy over-represented GO terms; for a 
complete list of all significantly over-represented GO terms see 
Table S2). Among the GO categories identified were many 
representing basic features of an inflammatory response, namely 
"regulation of response to stress" [26], "positive regulation of 
defense response" [27], "regulation of an inflammatory response", 
"blood vessel development" [28], "(chemo)taxis" [26] and 
"interleukin-1 production" [29]. Furthermore, according to this 
analysis, NF-kB activation, cAMP and cytokine induced responses 
as well as the unfolded protein response seem to be important 
signaling events determining initial activation processes in lamina 
propria cells. In addition, several GO terms identified cover 
aspects of the innate response to bacteria suggesting that such 
microorganisms (or molecules derived from the latter) may 
contribute to the induction of the inflammatory response in the 
organ culture model. Alternatively, non-bacterial stimuli eliciting 
expression of similar gene sets may participate in this response. Of 
note, significant induction of apoptotic processes in lamina propria 
cells following LEL as proposed by the GO term analysis could not 
be substantiated experimentaUy by TUNEL assay (see Figure S4). 

Inflammatory Events in the LEL Model Partially Reflect 
those Occurring in Intestinal Inflammation in vivo 

To address (1) the in vivo relevance of the organ culture model 
and (2) the central point whether early activation processes 
occurring in the in vitro system differ from events that exist in 
symptomatic human colonic diseases, our data coUected from the 
in vitro systems were subjected to a comparative analysis with 
published data from microarray anah ses from inflamed colonic 
tissue (ulcerative colitis (UC)). In the absence of any published gene 
expression profiling studies using microdissected lamina propria 
ceUs, UC data sets generated based on the examination of total 
biopsy tissue were employed for this comparative analysis [22]. 

As illustrated in the Venn diagram (Fig. 4A), ,57 of 488 
significandy upregulated and 134 of 631 downregulated genes in 
our in vitro model were also found to be upregulated and 
downregulated, respectively, in active UC samples when com- 
pared to normal (non-inflamed) gut samples [22]. This corre- 
sponds to a significant enrichment of genes differentiaUy expressed 
in UC (as identified by Granlund et al. [22]) in our dataset (p< 
0.001 for up- and downregulated genes, respectively, as deter- 
mined by a permutation test with 1000 lists of random g(-nc's). 
Among the shared upregulated genes (see Table S3) were also 
biomarkers for clinical and/ or endoscopic disease activity in UC, 
such as IL8, CXCL2, LCM2, and MMP9 [30-32] . In addition to IL8 
(see Fig. 1), increased CXCL2 gene expression in LEL-M (t = 5 h) 
vs. TM (t 0 h and t = 5 h) was confirmed by qRT-PCR (Fig. 4B; 
other markers not tested). As expected, S100A8 and S100A9 genes. 
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Figure 2. Expression of surface receptors in resident lamina propria cells following loss of the epithelial layer. (A) LEL induces gene 
expression of COM, CD86, TLR2, and CD54 in resident lamina propria cells in situ. Tissue samples of total mucosa (TM) were collected prior to culturing 
(0 h TM) and simultaneously from both TM and LEL mucosa after completion of epithelial cell release by EDTA treatment (5 h TM, 5 h LEL-M) (see Fig. 
la). Subsequently, transcript levels of CD14, TLR2, CD54, and CD86 were determined by qRT-PCR. Transcript numbers (normalized to 1000 transcripts 
PPIB) of "5 h LEL-M" were set to 1, and those of all other conditions were calculated as a fraction/multiple of 1. Shown are the mean normalized 
transcript numbers ± SEM of three or four independent experiments. Numbers in brackets indicate the absolute transcript numbers normalized to 
1000 transcripts PPIB. Gray bars represent transcript levels of TM (0 h, 5 h), black bars represent transcript levels of LEL-M (5 h). (B) LEL induces 



PLOS ONE I www.plosone.org 



6 



May 2014 | Volume 9 | Issue 5 | e97780 



Initial Inflammatory Response in Human intestinal Lamina Propria Cells 



protein expression of CD14 and CD86 in resident lamina propria cells in situ. Double immunofluorescence staining of CD68 (green) and CD14 or CD86 
(red) in healthy total mucosa prior to culturing (TM t = 0 h) and after 5 h of culture (TM t = 5 h) as well as in mucosa immediately after LEL (LEL-M 
t = 5 h). Colocalization of both antigens is shown by yellow signals in the overlay. Magnification: x40. LEL enhances the expression of CDl 4 and CD86 
on some CD68* and a large pool of CD68^ cells. The results represent one of three independent experiments. (C) Quantification of CDl 4* and CD86* 
cells in TM 5 h and LEL-IVI 5 h, respectively. The mean numbers (± SEiVl) of CD14* and CD86* cells, respectively, per area of 100 CD68* cells were 
determined with three areas/experimental condition being evaluated. Shown are the results of two independent experiments. 
doi:1 0.1 371 /journal.pone.0097780.g002 



IBD biomarkers preferentially expressed in peripheral blood 
myeloid cells (granulocytes, monocytes) [33] migrating into the 
tissue in response to inflammatory stimuli, were not observed to be 
upregulated in the LEL model. Notably, a comparison of our 
dataset with publicly available results (Top 200 dififerentially 
regulated genes) of a meta-analysis of IBD gene expression profiles 
[34] gave similar results (data not shown). These observations 
clearly demonstrate that key inflammatory events as observed in 
intestinal inflammation in vivo are at least partially reproduced by 
the organ culture model in vitro. 

Not surprisingly, the majority of differentially regulated genes in 
the organ culture model differ from those differentially regulated 
in active UC (Fig. 4A) [22] . Their potential clinical relevance - in 
particular with respect to the initial phase of an intestinal 
inflammatory response- needs to be further evaluated. In this 




R1 R2 R3 R4 R1 R2 R3 R4 



TM-LP (t = 0 h) LEL-LP (t = 5 h) 

Figure 3. Early inflammatory gene expression profile of 
resident lamina propria cells. Frozen tissue samples collected prior 
to culturing (TIVI 0 h) and immediately after release of the epithelial 
layer (LEL-M 5 h) were subjected to laser-capture microdissection of the 
lamina propria. Following RNA extraction, global gene expression 
profiles of lamina propria cells were obtained by microarray analysis. 
Shown is a heatmap of significantly regulated genes in LEL-LP 5 h vs. 
TM-LP 0 h (four matched replicates (R1-R4) for each time point 
replicates representing four independent experiments). Colors show 
expression relative to the average (black), higher (yellow), or lower 
(blue) relative expression, respectively. Data have been transformed to 
gene-wise zero mean and unit variance (z transform). Rows have been 
re-ordered by hierarchical clustering (complete linkage, Euclidean 
distance metrics). 

doi:1 0.1 371 /journal.pone.0097780.g003 



regard it is interesting to note that several of the genes detected to 
be solely upregulated in our organ culture model have been 
prioritized as key genes linked to gene loci identified to be 
associated with UC (or inflammatory bowel disease (IBD) in 
general) in genome wide association studies [35] (GWAS; see 
Table S4). 

Furthermore, for one of the genes observed to be significandy 
upregulated in the LEL model, dual specific phosphatase 2 
{DUSP2), we tried to confirm its differential expression in intestinal 
inflammation in vivo. DUSP2, a regulator of MAP kinases, is 
induced in human leucocytes following stimulation. It may 
potentially represent an important signaling module involved in 
the initiation of intestinal inflammation as it has been demon- 
strated to promote inflammatory responses in rheumatoid arthritis 
in mice [36,37]. As shown in Fig. 4C, induction of DUSP2 
expression in the LEL model as observed by global gene 
expression profiling was confirmed by qRT-PCR (left panel). 
Importandy, in agreement with this result in the LEL model 
in vitro, significandy higher expression levels of this gene were 
observed in inflamed tissue of UC vs. normal control tissue (NC) 
in vivo (p<0.05). Increased DUSP2 transcript numbers were also 
detected in inflamed CD tissue, however at a lower level. Note that 
the low induction of transcript levels oi DUSP2 in UC and CD vs. 
NC tissue when compared to the LEL model may be due to the 
fact that different types of tissue were used for these analyses (UC/ 
CD/NC: transmural tissue; LEL model: mucosa). 

Discussion 

Inflammation represents a fundamental defense response of the 
body to infection and tissue damage, which aims at the restoration 
of homeostasis [26]. In the human intestinal mucosa, molecular 
processes determining the onset of an inflammatory response in 
resident lamina propria cells are as yet largely unknown. However, 
knowledge of these processes would not only help to understand 
basic principles of the initiation of an intestinal immune response 
but also potentially promote the identification of novel drug targets 
for remission maintaining therapy and/or the discovery of 
biomarkers predicting relapse in IBD [38]. Importantly, it could 
also provide the basis for unraveling etiologicaUy relevant 
alterations of early inflammation in IBD. 

Here, we characterized the initiation of an inflammatory 
response in resident lamina propria cells in a human intestinal 
organ culture model. In this model, an inflammatory response was 
initiated in lamina propria cells following EDTA mediated loss of 
the epithelial layer. Damage of the epithelial layer due to 
disruption of tight junctions, epithelial cell death, erosions, and 
ulcers represents an early pathogenic event in intestinal inflam- 
mation in vivo, e.g. in acute enteric infections caused by invasive or 
toxin- producing pathogens [39-42]. It is associated with 
inflammatory cellular infiltrates of the mucosal tissue, which are 
largely missing in infections caused by non-invasive pathogens that 
do not induce significant epithelial cell damage [43,44]. Further- 
more, aphthoid lesions represent one of the earliest pathological 
mucosal manifestations in Crohn's disease [45]. 

The inflammatory response elicited in resident lamina propria 
cells following loss of the epithelial layer (LEL) was characterized 
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Table 1. Top 40 upregulated genes in the LEL model. 



Gene symbol 


logFC^ 


adj. P.VaP 


IL6 


5,1 


7,50E-05 


CSF3 


5,0 


l,84E-05 


C2CD4B 


4,7 


5,43E-05 


SERPINA3 


4,5 


9,16E-05 


RNDl 


4,4 


4,81 E-06 


FAM71A 


4,3 


l,53E-04 


CSF3 


4,2 


l,39E-03 


EGR3 


4,2 


2,41 E-06 


IL8 


4,1 


2,69E-04 


C2CD4B 


4,1 


1,02E-04 


CXCL2 


4,0 


6,1 5 E-06 


ICAM4 


4,0 


l,99E-05 


MAFF 


4,0 


l,95E-04 


MAFA 


4,0 


2,89E-04 


ADAMTS4 


3,9 


4,76E-04 


ATF3 


3,9 


3,03E-04 


ICAM4 


3,8 


2,39E-05 


FOSLl 


3,8 


4,85 E-06 


ABU 


3,8 


2,14E-04 


ARC 


3,7 


6,61 E-04 


GEM 


3,7 


3,79E-04 


TNFSF9 


3,7 


l,64E-05 


AMPD3 


3,7 


2,16E-03 


GFPT2 


3,7 


5,27E-06 


NR4A1 


3,7 


6,55E-03 


M0B4 


3,7 


2,09E-03 


CCL21 


3,6 


l,39E-03 


UBC 


3,6 


l,64E-03 


C2CD4B 


3,6 


4,81 E-06 


EGR3 


3,6 


2,39E-04 


S0CS3 


3,6 


8,86E-07 


HAS! 


3,6 


2,37E-03 


NA 


3,5 


4,99E-04 


RGS16 


3,4 


6,37E-05 


NR4A1 


3,4 


7,89E-05 


DES 


3,4 


4,77E-04 


CALCA 


3,3 


3,75E-03 


ATF3 


3,3 


4,84E-04 


RRAD 


3,3 


2,87E-06 


NFKBIZ 


3,3 


2,59E-03 


^log base 2 of fold change. 

value from moderated t test, adjusted by the Benjamini 


& Hochberg method [18]. 





doi:l 0.1 371 /journal.pone.0097780.t001 



by a rapid upregulation of canonical inflammatory mediators, e.g. 
ILIB, IL8, as well as co-stimulatory and pattern recognition 
receptors. With regard to the latter our results provide at least 
partial mechanistic insight into the previous observation that 
lamina propria myeloid cells migrated out of the intestinal mucosa 
during a 12 h culture period following epithehal cells depletion 
express these receptors [46]. Information on the global transcrip- 



tional response induced in the LEL model was obtained by 
microarray analysis of laser-capture microdissected lamina pro- 
pria. 

Insight into molecular processes including signaling pathways 
involved in the initiation of an intestinal inflammatory response in 
resident lamina propria cells was provided by bioinformatic GO 
term analysis of the set of differentially regulated genes in this 
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Table 2. Over-representation of GO terms in dataset of upregulated 


genes in the LEL model. 








GO Term 


P value^ 


Count^ 


Size' 


positive regulation of cell death 


l,08E-09 


38 


442 


positive regulation of NF-kappaB transcription factor activity 


5,08E-09 


17 


104 


cellular response to biotic stimulus 


l,06E-08 


17 


109 


positive regulation of phosphate metabolic process 


4,66E-08 


45 


662 


response to bacterium 


l,09E-07 


29 


337 


response to nitrogen compound 


2,llE-07 


42 


628 


blood vessel development 


4,37E-07 


34 


469 


positive regulation of apoptotic process 


4,92E-07 


29 


367 


cellular response to hypoxia 


8,40E-07 


13 


86 


regulation of sequence-specific DNA binding transcription factor activity 


1,10E-06 


21 


224 


response to decreased oxygen levels 


l,88E-06 


21 


226 


response to cytokine stimulus 


l,96E-06 


34 


497 


cellular response to oxygen levels 


2,09E-06 


13 


93 


Hemopoiesis 


3,61 E-06 


34 


511 


response to unfolded protein 


4,21 E-06 


9 


46 


Aging 


5,81 E-06 


18 


186 


regulation of transferase activity 


5,99E-06 


32 


486 


Ossification 


6,77E-06 


23 


285 


immune system development 


7,93E-06 


35 


557 


regulation of phosphorylation 


l,14E-05 


38 


655 


negative regulation of multicellular organismal process 


l,15E-05 


26 


358 


regulation of response to stress 


l,19E-05 


30 


457 


positive regulation of kinase activity 


l,69E-05 


29 


433 


negative regulation of apoptotic process 


l,72E-05 


36 


598 


Taxis 


l,85E-05 


36 


600 


cellular response to lipopolysaccharide 


2,60E-05 


9 


57 


interleukin-1 production 


3,35E-05 


8 


45 


regulation of inflammatory response 


3,36E-05 


17 


192 


toll-like receptor 3 signaling pathway 


3,79E-05 


10 


73 


negative regulation of phosphorylation 


3,94E-05 


18 


214 



V value of hypergeometric test for over-representation (conditional on GO structure). 
^Count: number of GO term associated genes in the dataset of upregulated genes. 
^Size: total number of GO term associated genes. 
doi:l 0.1 371 /journal.pone.C097780.t002 



model. While -according to this analysis- bacterial stimuli (likely 
present in the mucosal culture despite extensive washing steps) 
may contribute to the induction of this inflammatory response they 
are most likely not sufficient for triggering the latter given the low/ 
lack of homeostatic expression of pattern recognition receptors 
and associated signaling molecules in lamina propria cells [10-13]. 
Furthermore, inflammatory gene expression was higher in LEL 
mucosa when compared to total mucosa, which was exposed to at 
least the same amount of potentially contaminating bacterial 
stimuli being present during culture for the same period of time 
(see Fig. IB). Further studies using the LEL model may provide 
insight into upstream stimuh, e.g. danger molecules like ATP, 
mediating the initiation of an inflammatory response in lamina 
propria cells. Li particular, it will be tested whether loss of 
epithelial cell derived factors, e.g. IL-10, TGF-P, which have been 
shown to contribute to the control of intestinal inflammation [47- 
49], is sufficient for activation of the latter cell population. 



Many of the signaling events (e.g. NF-kB activation, response to 
cytokines) identified to contribute to early intestinal inflammatory 
responses in the LEL model are also known to be involved in later, 
chronic stages of intestinal inflammation suggesting that their 
activity could potentially be maintained for a prolonged period of 
time. This observation is in agreement with findings of a recent 
study showing that changes in (inflammatory) gene expression in 
peripheral blood leucocytes following severe injury in humans 
occur within hours and are maintained for up to one to three 
months until recovery of the patients [50]. Importandy, gene sets 
associated with the unfolded protein response (UPR) were found to 
be overrepresented in the dataset of upregulated genes in the LEL 
model. This is the first indication that the UPR is not only induced 
in epithelial cells during human chronic intestinal inflammation - 
as previously described [51,52] - but also in LP cells at the onset of 
an intestinal inflammatory response. Hence, genetic susceptibility 
for IBD linked to hypomorphic variants of the UPR-associated 
gene XBPl [51] may be associated with dysregulation of the UPR 
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Figure 4. Inflammatory events in the LEL model partially reflect those occurring in intestinal inflammation in vivo. (A) The overlap of 
differentially expressed genes in the LEL model in vitro and in inflamed tissue obtained from ulcerative colitis patients (vs. normal control tissue) as 
published in Granlund et al. [22] is depicted by a Venn diagram. (B) Upregulation of the IBD biomarker gene CXCL2 in the LEL model. Tissue samples 
of total mucosa (TM) were collected prior to culturing (0 h TM). Furthermore, tissue samples were collected simultaneously from both TM and LEL 
mucosa after completion of epithelial cell release by EDTA treatment (5 h TM, 5 h LEL-M) (see Fig. la). Subsequently, transcript levels of CXCL2 were 
determined by qRT-PCR. Shown are the mean normalized transcript numbers ± SEM of three to four independent experiments. Gray bars represent 
transcript levels of TM (0 h, 5 h), the black bar represents transcript levels of LEL-M (5 h). (C) Identification of DUSP2 as a novel gene upregulated in 
intestinal inflammation. Left panel: Tissue samples of total mucosa (TM) were collected prior to culturing (0 h TIVl). Furthermore, tissue samples were 
collected simultaneously from both TM and LEL mucosa after completion of epithelial cell release by EDTA treatment (5 h TM, 5 h LEL-M) (see Fig. la). 
Subsequently, transcript levels of DUSP2 were determined by qRT-PCR. Shown are normalised transcript numbers (including mean) as determined in 
four independent experiments. Rigfit panel: Transcript levels of DUSP2 were determined in transmural tissue samples of normal (NC) as well as of 
inflamed (UC, CD) gut by qRT-PCR. Shown are normalized transcript numbers (including mean) as determined in five different tissue samples of NC, 
UC, and CD, respectively. 
doi:1 0.1 371 /journal.pone.0097780.g004 



not only in epithelial but also lamina propria cells. Importantly, we 
have collected evidence that the transcription factor C/EBPP, a 
target of the UPR [53], is rapidly upregulated in lamina propria 
myeloid cells in intestinal inflammation (manuscript in prepara- 
tion). 

The relevance of the LEL model with regard to key 
inflammatory events occurring in inflammation in vivo is under- 
lined by the observation that the set of diflFerentiaUy expressed 
genes in this model partially overlaps with that in inflamed tissue 



from UC patients (vs. normal colonic mucosa) as determined by 
Granlund et al. [22]. Importantly, among the genes upregulated in 
the organ culture model were also biomarkers for clinical or 
endoscopic disease activity in ulcerative colitis [30-32] . 

Clearly, the majority of genes observed to be differentially 
expressed in in the organ culture model differed from those 
differentially expressed in active ulcerative colitis and vice versa. 
This is not unexpected given that (1) the LEL model reflects the 
initial phase of inflammation whereas UC samples subject to gene 
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expression profiling were taken during symptomatic stages of the 
disease (2) immigration of blood monocytes and granulocytes into 
inflamed tissue as taking place in vivo [26,54] cannot occur in the 
LEL model; (3) UC tissue samples are often obtained from patients 
receiving anti-inflammatory drug treatment, which may modulate 
inflammatory gene expression; (4) gene expression profiling of the 
LEL model was performed employing microdissected lamina 
propria in order to focus the analysis on immunocompetent cells 
located in this compartment, while microarray analysis of human 
intestinal tissue collected from UC patients was conducted with 
total mucosa; (5) IBD-linked genetic polymorphisms may be 
associated with a dysregulated inflammatory response in UC 
patients. 

The clinical relevance of the genes differentially regulated solely 
in the LEL model is supported by the fact that several of these 
genes have been linked to UC/IBD susceptibility loci as identified 
by GWAS [35] (see Table S4). While differential expression of 
most of these genes - though not detected by global gene 
expression profihng- has been demonstrated in IBD in previous 
studies, diflerential expression of one of these IBD loci associated 
genes, FOSLl, in human intestinal inflammatory responses is 
reported here for the first time. FOSLl belongs to the API family 
of transcription factors [55]; its overexpression in mice has been 
demonstrated to amehorate DSS-induced colitis [56]. Application 
of the LEL model to non-inflamed mucosa in UC vs. non-IBD 
may allow to determine a potentially altered regulation of FOSLl 
expression and other IBD loci associated genes in these patients 
thereby promoting the establishment of genotype-phenotype 
correlations. 

Notably, DUSP2, a gene upregulated in the LEL model but not 
in IBD gene expression profiling datasets of Granlund et al. and 

the meta-analysis by Clark et al. (as far as data are available), was 
confirmed to be upregulated in intestinal inflammation in vivo. 
This result further supports the in vivo relevance of novel 
inflammation related genes as detected in the LEL model. Given 
its pro-inflammatory role in a murine model of rheumatoid 
arthritis, DUSP2 may positively regulate inflammatory responses 
also in intestinal immune cells [37]. 

Another implication of our findings relates to the interpretation 
of results gained in experiments using enzymatically isolated 
"resting" lamina propria leucocytes. Most protocols employed for 
the isolation of these cells include EDTA treatment of mucosal 
specimens for release of epithelial cells [14,57-59] as it has been 
applied in this study. According to our results cells subjected to this 
treatment during the isolation procedure may not exist in a resting 
state as observed under homeostatic conditions in vivo but rather 
exhibit features of activated cells. 

In summary, molecular events associated with the initiation of 
an inflammatory response in human lamina propria cells are 
characterized for the first time using an intestinal organ culture 
model. The organ culture model may represent a valuable tool to 
elucidate molecular mechanisms underlying this initial activation 
of lamina propria cells in man. Furthermore, when applied to non- 
inflamed mucosa of IBD patients, it may help to determine 
potential alterations of the early mucosal inflammator)- response in 
these patients and thereby support the discovery of disease-specific 
drug targets. Finally, it may be useful for identifying general (non- 
specific) drug targets for remission-maintaining therapy for these 
diseases. 

Supporting Information 

Figure SI Hematoxylin-Eosin staining of total mucosa 
(TM) and mucosa depleted of epithelial cells (LEL-M). 



Signs of epithelial layer disintegration are detectable in TM 
cultured for 5 h (TM 5 h) in comparison to TM prior to culturing 
(TM 0 h). 
(TIF) 

Figure S2 Double immunofluorescence staining of 
CD68 (green) and CD14 or CD86 (red) in inflamed 
tissue in ulcerative colitis. Co-localization of both antigens is 
shown by yellow signals in the overlay. Magnification: x40. 
(TIF) 

Figure S3 GD14 and GD86 are expressed on lamina 
propria myeloid cells (LPMO) rapidly isolated after 
LEL. (A) LPMO were rapidly isolated by enzymatic tissue 
digestion after detachment of the epithelial cell layer (LEL). 
Subsequentiy, surface expression of CD 14 and CD86 was 
analyzed on PBMO (upper panel) and LPMO (lower panel) by 
flow cytometry. Dot blots: A gate was set on CD33^ CD3~ CDl 1 7~ 
myeloid cells (blue). Histogram.';: Shown are the expression levels of 
HLA-DR, CD14 and CD86 on CD33""CD3"CD1 17" PBMO 
and LPMO, respectively. Results are representative of two 
independent experiments. (B) Treatment with EDTA does not 
affect CD 14 and CD86 surface expression on PBMO. PBL were 
cultured in RPMI/10"/, FCS/antibiotics, HBSS/antibiotics, or 
HBSS/EDTA 0.7 mM/antibiotics for 1.5 h. Surface expression of 
CD14 and CD86 on CD33''CD3" PBMO was determined by 
flow cytometry. Shown is the mean fluorescence intensity (MFI) of 
one of two independent experiments showing similar results. (C) 
Treatment with CoUagenase/DNAse does not affect CD 14 and 
CD86 surface expression on PBMO. PBMC were cultured in 
RPMI/2% FCS/antibiotics in the absence or presence of 
coUagenase IV (45 U/ml)/DNAse I (27 U/ml) for 1.5 h. Surface 
expression of CD 14 and CD86 on CD33"' CDS" PBMO was 
determined by flow cytometry. Shown are % MFI of the untreated 
controls (100%) of two independent experiments. 
(TIF) 

Figure S4 Apoptosis is not significantly induced in 
lamina propria cells following LEL. The occurrence of 

apoptosis during the LEL organ culture was determined using an 
in .situ terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay. Images show colonic cryosections at 
t = 0 h (TM) and t = 5 h (LEL-M). Apoptotic cells containing 
fragmented DNA (thereby indicating apoptosis) are stained brown 
with 3,3'-diaminobenzidine. Sections are counterstained with 
Methyl Green. The positive control was achieved with TACS- 
Nuclease™. Results are representative of two independent 
experiments. 
(TIF) 

Table SI Complete list of all differentially regulated 
genes. 

PCLSX) 

Table S2 Complete list of all significantly over-repre- 
sented GO terms. 

(XLSX) 

Table S3 List of overlapping genes upregulated in the 
LEL model (LEL-M 5 h vs. TM 0 h) and in UC vs. normal 
control according to Granlund et al. [22]. 

(DOCX) 

Table S4 Key genes of IBD associated gene loci as 
described by Jostins et al. [35] included in the set of 
upregulated genes in the LEL model but not in UC vs. 
normal control according to Granlund et al. [22]. 
(DOCX) 



PLOS ONE I www.plosone.org 



11 



May 2014 I Volume 9 | Issue 5 | e97780 



Initial Inflammatory Response in Human Intestinal Lamina Propria Cells 



Acknowledgments 

We are grateful to Dieter Stefan, Jutta Scheuerer, Simone Fomuki, Daniela 
Merklinger, and Sabine Wentrup for excellent technical assistance. 
Furthermore, we thank Frank Autschbach for providing tissue specimens 
of patients suffering from ulcerative colitis/ Crohn's disease as well as 
Bettina Jocher for logistic support regarding the acquisition of blood and 
colon specimens. This work was performed with support from the 
Genomics and Proteomics Core Facility of the DKFZ. 

References 

1. Okayasu 1, Hatakcyama S, Yamada M. Ohkusa 'i\ Inagaki Y. ct al. (1990) A 
novel method in the induction of rehable experimental acute and chronic 
ulcerative colitis in mice. (Gastroenterology 98: 694 702. 

2. Danese S (2012) New therapies for inflammatory bowel disease: Irom the bench 
to the bedside. Gut 61: 918-932. 

3. Ordas I, Eckmann L, Talamini M, Baumgart DC, Sandborn WJ (2012) 
Ulcerative colitis. Lancet 380: 1606-1619. 

4. Pirzer UC, Schurmann G, Post S, Betzler M, Meuer SG (1990) Differential 
responsiveness to GD3-Ti vs. CD2-dependent activation of human intestinal T 
lymphocytes. Eur J Immunol 20: 2339-2342. 

5. Qiao L, Schurmann G, Autschbach E, Wallich R, Aleuer SG (1993) Human 
intestinal mucosa allcrs T-cell reactivities. (Gastroenterology 10^): 81 1 819. 

6. Qiao L, Schurmann G, Betzler M, Meuer SC (1991) Activation and signaling 
status of humam lamina propria T lymphocytes. Gastroenterology 101: 1529— 
1536. 

7. De Maria R, Pais S, Silvestri M, Erali L, Pallone F, et al. (1993) Gontinuous 
in vivo activation and transient liyporesponsiveness to TcR/GD3 triggering of 
human gut lamina propria lymphocytes. Eur J Immunol 23: 3104—3108. 

8. Sido B, Braunstein J, Breitkreutz R, Herfarth G, Meuer SC (2000) Thiol- 
mediated redox regulation of intestinal lamina propria T lymphocytes. J Exp 
Med 192: 907-912. 

9. Sido B, Lasitschka E, (jiese T, Gassier N, Eunke B, et al. (2008) A prominent role 
for mucosal cystine /cysteine metabolism in intestinal immunoregulation. 
Gastroenterology 134: 179-191. 

10. Qiao L, Braunstein J, GoUing M, Schurmann G, Autschbach F, et al. (1996) 
Differential regulation of human T cell responsiveness by mucosal versus blood 
monocytes. Eur J Immunol 26: 922-927. 

1 1 . Hausmann M, KiessHng S, Mestermann S, Webb G, Spottl T, et al. (2002) ToU- 
like receptors 2 and 4 are up-regulated during intestinal inflammation. 
Gastroenterology 122: 1987-2000. 

12. Smythics LE, Sellers M, Clements RH, MostcUer-Barnum M, Meng G, ct al. 
(2005) Human intestinal macrophages display profound inllammatory anergy 
despite avid phagocytic and bacteriocidal activity. J Clin Invest 115: 66-75. 

13. Smythies LE, Shen R, Bimczok D, Novak L, Clements RH, et al. (2010) 
Inflammation anergy in human intestinal macrophages is due to Smad-induced 
IkappaBalpha expression and NF-kappaB inactivation. J Biol Chem 285: 
19593-19604. 

14. BuU DM, Bookman MA (1977) Isolation and functional characterization of 
human intestinal mucosal lymphoid cells. J C^lin Im'cst 59: 966-974. 

15. Rogier G, Hausmann M, Vogl D, Aschenbrenner E, Andus T, et al. (1998) 
Isolation and phenotypic characterization of colonic macrophages. Clin Exp 
Immunol 112: 205-215. 

16. Huber W, von Heydebreck A, Sultmann H, Poustka A, Vingron M (2002) 
Variance stabiHzation applied to microarray data calibration and to the 
quantification of differential expression. Bioinformatics 18 Suppl 1: S96— 104. 

17. Smyth GK (2005) Limma: linear models for microarray data. In: Gentiemen R, 
Carey V, S D, R I, W H, editors. Bioinformatics and Computational Biology 
Solutions unsing R and Bioconducior. New York: Springer. 397—420. 

18. Benjamini Y', Hoehberg Y (1995) (Controlling the false discovery rate: a practical 
and powerful approach to multiple testing. J R Statist Soc B 57: 289-300. 

19. Ealcon S, (Gentleman R (2007) Using GOstats to test gene lists for GO term 
association. Bioinformatics 23: 257—258. 

20. Team RC (2013) R: A language and environment for statistical computing. 
Vienna, Austria: R foundation for Statistical computing. 

21. Du P, Kibbe WA, Lin SM (2008) lumi: a pipeline for processing lUumina 
microarray. Bioinformatics 24: 1547-1548. 

22. Granlund A, Flatberg A, Ostvik AE, Drozdov I, Gustafsson BI, et al. (2013) 
Whole genome gene expression meta-analysis of inflammatory bowel disease 
colon mucosa demonstrates lack of major diflerences between Crohn's disease 
and ulcerative colitis. PLoS One 8: e56818. 

23. C^hen L, Hies DB (2013) Molecular mechanisms of T cell co-stimulation and co- 
inhibition. Nat Rev Immunol 13: 227-242. 

24. Moresco EM, LaVine D, Beutler B (2011) Toll-like receptors. Gurr Biol 21: 
R488-^93. 

25. Rugtveit J, Bakka A, Brandtzaeg P (1997) Differential distribution of B7.1 
(CD80) and B7.2 (CD86) costimulatory molecules on mucosal macrophage 
subsets in human inflammatory bowel disease (IBD). Clin Exp Immunol 110: 
104-113. 

26. Medzhitov R (2008) Origin and physiological roles of inflammation. Nature 454: 
428-^35. 



Author Contributions 

Conceived and designed the experiments: JSB JG S. Sehwarz SM TG. 
Performed the experiments: JG AH TS S. Sehiessling YSL S. Sehwarz FL. 
Analyzed the data: JSB JG BE FL TG G\\' TS. Contributed reagents/ 
materials/analysis tools: CL MAS AU AE JW. Wrote the paper: JSB JG 
SM. Review: GW YS SM BB FL TG. 



27. Takeuehi O, Akira S (2010) Pattern recognition receptors and inflammation. 

Cell 140: 805-820. 

28. Ilalin Dctmar M (2008) Chapler 1. Inflammation, angiogenesis, and 
lymphangiogenesis. Methods Enzymol 445: 1-25. 

29. Schroder K, TschoppJ (2010) The mflammasomes. Cell 140: 821-832. 

30. Faubion WAJr, Fletcher JG, O'Byrne S, Feagan BG, de Villiers WJ, et al. (2013) 
EMerging BiomARKers in Inflammatory Bowel Disease (EMBARK) Study 
Identifies Fecal Galprotectin, Serum MMP9, and Serum IL-22 as a Novel 
Combination of Biomaxkers for Crohn's Disease Activity: Role of Cross- 
Sectional Imaging. Am J Gastroenterol 108: 1891-1900. 

31. Stallmach A, Giese T, Schmidt C, Ludwig B, Mueller-Molaian I, et al. (2004) 
Cytokine/ chcmokine transcript profiles reflect mucosal inflammation in Crohn's 
disease. IntJ Colorectal Dis 19: 308-315. 

32. Zahn A, (^iesc T, Karner M, Braun A, Hinz U, et al. (2009) Transcript levels of 
different cytokines and ehemokines correlate with clinical and endoscopic 
activity in ulcerative colitis. BMC Gastroenterol 9: 13. 

33. Hessian PA, EdgewordiJ, Hogg N (1993) MRP-8 and MRPT4, two abundant 
Ca(2+)-binding proteins of neutrophils and monocytes. J Leukoc Biol 53: 197- 
204. 

34. Clark PM, Dawany N, Dampier W, Byers SW, PesteU RG, et al. (2012) 
Bioinformatics analysis reveals transcriptome and microRNA signatures and 
drug repositioning targets for IBD and other autoimmune diseases. Inflamm 
Bowel Dis 18: 2315-2333. 

35. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovem DP, et al. (2012) Host- 
microbe interactions have shaped the genetic architecture of inflammatory 
bowel disease. Nature 491: 119-124. 

36. Rohan PJ, Davis P, Moskaluk (lA, Kearns M, Krutzseh H, et al. (1993) PAC-1: 
a mitogen-indueed nuclear protein tyrosine phosphatase. Science 259: 1763— 
1766. 

37. Jcflrcy KL, Brummer T, Rolph MS, Liu SM, Callejas NA, et al. (2006) Positive 
regulation of immune cell function and inflammatory responses by phosphatase 
PAC-1. Nat Immunol 7: 274-283. 

38. Fiocchi C (201 1) Early and late inflammatory bowel disease: why and how are 
they different? Curr Opin (jastroenterol 27: 317-320. 

39. Coron E, Flamant M, Aubert P, Wedel T, Pedron T, et al. (2009) 
Characterisation of early mucosal and neuronal lesions following Shigella 
flexneri infection in human colon. PLoS One 4: e4713. 

40. Phalipon A, Sansonetti PJ (2003) Shigellosis: innate mechanisms of" inflammatory 
destruction of the intestinal epithelium, adaptive immune response, and vaccine 
development. Grit Rev Immunol 23: 371—401. 

41. Riegler M, Sedivy R, Pothoulakis C, Hamilton G, Zachcrl J, et al. (1995) 
Clostridium difficile toxin B is more potent than toxin A in damaging human 
colonic epithelium in vitro. J Chn Invest 95: 2004—2011. 

42. van Spreeuwel JP, Duursma GC, Meijer CJ, Bax R, Rosekrans PC, et al. (1985) 
Campylobacter colitis: histological immunohistochemical and ultrastructural 
findings. Gut 26: 945-951. 

43. Lorrot M, Vasseur M (2007) [Physiopathology of Rotavirus diarrhea]. Arch 
Pediatr 14 Suppl 3: S145-151. 

44. Oberhubcr G. Kastner N, Stolte M (1997) (Giardiasis: a histologic analysis of 567 
cases. ScandJ Gastroenterol 32: 48—51. 

45. Morise K, Yamaguchi T, Kuroiwa A, Kanayama K, Matsuura T, et al. (1994) 
Expression of adhesion molecules and HLA-DR by macrophages and dendritic 
cells in aphthoid lesions of Crohn's disease: an immunocytochemical study. 
J Gastroenterol 29: 257-264. 

46. Mahida YR, Calvin AM, Gray T, Makh S, McAlindon ME, et al. (1997) 
Migration of human intestinal lamina propria lymphocytes, macrophages and 
eosinophils following the loss of surface epithelial cells. Clin Exp Immunol 109: 
377-386. 

47. Autschbach F, BraunstcinJ, Hclmke B, Zuna I, Schurmann G, et al. (1998) In 
situ expression of interleukin-10 in noninflamed human gut and in inflammatory 
bowel disease. Am J Patiiol 153: 121-130. 

48. Glocker EG, Kotlarz D, Boztug K, Gertz EM, Schafier AA, et al. (2009) 
Inllammatory bowel disease and mutations aiffecting the interleukin-10 receptor. 
N EnglJ Med 361: 2033-2045. 

49. Hiev ID, Mileti E, Matteoli G, Chieppa M, Rescigno M (2009) Intestinal 
epithelial cells promote colitis-protective regulatory T-eell differentiation 
through dendritic cell conditioning. Mucosal Immunol 2: 340-350. 

50. Xiao W, Mindrinos MN, Seok J, Cuschieri J, Cuenca AG, et al. (2011) A 
genomic storm in critically injured humans. J Exp Med 208: 2581-2590. 



PLOS ONE I www.plosone.org 



12 



May 2014 I Volume 9 | Issue 5 | e97780 



Initial Inflammatory Response in Human Intestinal Lamina Propria Cells 



51. Kascr A, Lcc AH, Frankc A, Olickman JN, Zcissig S, ct al. (2008) XBPl links 
ER stress to intestinal inflammation and eonfers genetie risk for human 
inftammatory bowel disease. Cell 134: 743—756. 

52. Shkoda A, Ruiz PA, Daniel H, Kim SC, Rogler G, et al. (2007) Interleukin-10 
blocked endoplasmic reticulum stress in intestinal epithelial cells: impact on 
chronic inflammation. Gastroenterology 132: 190—207. 

53. Chen C, Dudenhausen EE, Pan YX, Zhong C, KJlberg MS (2004) Human 
CCAAT/enhancer-binding protein beta gene expression is activated by 
endoplasmic reticulum stress through an unfolded protein response element 
downstream of" the protein coding srqiicnre. J Biol CJhem 279: 27948-27956. 

54. Ryan GB, Majno G (1977) Acute mflammation. A review. AmJ Pathol 86: 183- 
276. 

55. Karin M, Liu Z, Zandi E (1997) AP-1 function and regulation. Gurr Opin Cell 
Biol 9: 240-246. 



56. lakada Y, Ray N, Ikeda E. Kawagiichi T, Kuwahara M, et al. (2010) Fos 
proteins suppress dextran sulfate sodium-induced colitis through inhibition of 
NF-kappaB. J Immunol 184: 1014-1021. 

57. Carrasco A, Mane J, Santaolalla R, Pedrosa E, Mallolas J, et al. (2013) 
Comparison of lymphocyte isolation methods for endoscopic biopsy specimens 
from the colonic mucosa. J Immunol Methods 389: 29-37. 

58. Smith PD, Janoff EN, Mosteller-Bamum M, Merger M, Orenstein JM, et al. 
(1997) Isolation and purification of CD14-negative mucosal macrophages from 
normal human small intestine. J Immunol Methods 202: 1—11. 

59. VVeigmann B, lubbe 1, Seidcl D, Nicolaev A, Becker C, et al. (2007) Isolation 
and subsequent analysis of murine lamina propria mononuclear ceUs from 
colonic tissue. Nat Protoc 2: 2307-2311. 



PLOS ONE I www.plosone.org 



13 



May 2014 I Volume 9 | Issue 5 | e97780 



